Asymptotic Giant Branch stars are known to produce 'cosmic' fluorine but it is uncertain whether these stars are the main producers of fluorine in the Solar neighborhood or if any of the other proposed formation sites, type II supernovae and/or Wolf-Rayet stars, are more important. Recent articles have proposed both Asymptotic Giant Branch stars as well as type II supernovae as the dominant sources of fluorine in the Solar neighborhood.
Introduction
Fluorine is an element with an intriguing and uncertain cosmic origin. It has only one stable isotope, 19 F, and is easily destroyed in stellar interiors demanding intricate chains of events for any created fluorine to survive from one stellar generation to the next. The fluorine production in 'normal' explosive nucleosynthesis in Type Ia and II SNe is therefore believed to be small. Three possible formation sites that will provide possible fluorine production chains have been proposed:
• Asymptotic Giant Branch (AGB) are suggested to produce fluorine by means of two different processes. At solar metallicity the main chain of F production starts with 14 N and includes α, neutron, and proton captures. However, at slightly lower metallicities, the fluorine production is suggested to be dependent on 13 C (Cristallo et al. 2014 ).
• Type II Supernovae (SNeII) are suggested to produce cosmic fluorine via the neutrino process. The enormous quantity of neutrinos released during core-collapse can possibly, in spite of the small neutrino cross-section, turn a significant amount of the 20 Ne in the outer envelopes of the collapsing star into fluorine (Woosley & Haxton 1988 ).
• Wolf-Rayet (WR) stars might deposit fluorine into the interstellar medium via their strong stellar winds (Meynet & Arnould 2000; Palacios et al. 2005) . Just like in the AGB-scenario, the fluorine in WR winds is produced in reactions starting from 14 N, including α, neutron, and proton captures. Due to the strong metallicity-dependence on the winds of these stars, a possible fluorine production through this channel is expected to start first at slightly sub-solar metallicities and then increase for higher metallicities (Renda et al. 2004 ).
In addition to these scenarios, Longland et al. (2011) show that fluorine can be produced by 1 Visiting astronomer, Kitt Peak National Observatory, National Optical Astronomy Observatory, which is operated by the Association of Universities for Research in Astronomy (AURA) under a cooperative agreement with the National Science Foundation.
white dwarfs merging forming hydrogen-deficient stars with high carbon and fluorine abundances. However, the low number of known stars of this kind compared to the AGB stars, SNeII, and WR stars, makes it probable that the contribution of 'cosmic' fluorine by this process compared to the others listed above is small.
The production of fluorine by AGB stars has been observationally proven (Jorissen et al. 1992; Abia et al. 2009 Abia et al. , 2010 Werner et al. 2005; Zhang & Liu 2005; Otsuka et al. 2008; Schuler et al. 2007; Lucatello et al. 2011; Alves-Brito et al. 2011) but it is not certain that the fluorine produced by this process can account for the cosmic abundance. Recently we made first use of a HF molecular line at 12.2 µm to determine the fluorine abundance in a handful stars in the Solar neighborhood (Jönsson et al. 2014a) . By comparing our fluorine and oxygen abundances to the chemical evolution models of Kobayashi et al. (2011a) , we proposed that the production of fluorine by AGB-stars might be enough to explain the fluorine abundance in the Solar neighborhood. However, since then Pilachowski & Pace (2015) observed a much larger sample than ours, 51 stars, and draw the conclusion, based on the same chemical evolution models of Kobayashi et al. (2011a) , that the ν-process likely is the dominant producer of fluorine in the Solar neighborhood. Furthermore, Abia et al. (2015) present new chemical evolution models where the amount of fluorine produced by AGB-stars in the Solar neighborhood is predicted to be much lower than in the models of Kobayashi et al. (2011a) , thereby questioning models used and conclusions drawn in our paper and in Pilachowski & Pace (2015) .
One way of determining the possible importance of the ν-process in fluorine production in the Solar neighborhood purely experimentally would be to determine fluorine and oxygen abundances in a stellar sample large enough to trace a reliable trend in the F-O abundances. Oxygen is produced mainly in SNeII and if the ν-process is the dominant producer of fluorine the evolution of oxygen and fluorine abundances would follow each other.
Another way of empirically testing the importance of the different fluorine production channels would be to look for possible secondary behaviors in the fluorine abundance as compared to other abundances. Regarding the suggested fluorine production chain for solar-metallicity AGB stars it starts with 14 N, an element which in turn can be both primary and secondary. In fact, 14 N can be produced in a primary way if the C and O progenitors are produced by the star itself and not present in the star since its birth (secondary case). This happens in AGB stars during the third dredge-up episode (e.g., Renzini & Voli 1981; Marigo et al. 1999; Karakas 2010) . Regarding the suggested fluorine production in lower metallicity AGB stars, it depends on the amount of 13 C available (which can also be either secondary or primary) in the helium-rich inter-shell but also on the amount of 13 C in the ashes of the hydrogen-burning shell. While the former is weakly dependent on metallicity, the latter scales with the CNO abundances in the envelope which in turn depend upon the 12 C made in the helium-burning shell and dredgeup up during the third dredge-up. Because of this, larger [F/Fe] ratios are predicted by metalpoor low-mass AGB stellar models as compared to solar-metallicity models (Cristallo et al. 2011) . Regarding the fluorine production in WR stars, it is also suggested to have the same duality according to the secondary or primary nature of 14 N. In this case 14 N is generally produced as a secondary element except in the case of rapid stellar rotation which acts in the same way as the the third dredgeup. However, in this case a substantial primary 14 N production is restricted to very metal-poor stars (Z< 10 −5 ) as is suggested by several papers of the Geneva group (e.g., Meynet & Maeder 2002; Maeder & Meynet 2003; Chiappini et al. 2003 Chiappini et al. , 2006 and by Chieffi & Limongi (2002 , 2004 in zero-metallicity star models. The necessity of some primary 14 N from massive stars was claimed first by Matteucci (1986) to reproduce the [N/O] ratios observed in halo stars. To summarize, the uncertainties in the yields of massive stars for 14 N and fluorine are still large and the yields of rotating massive stars are restricted to extremely metal poor stars.
To conclude, the primary and/or secondary nature of 14 N in the production chains above, will in turn, if any of these production channels is the dominant one, make fluorine showing an abundance primary and/or secondary to oxygen: more oxygen results in more 14 N and consequently more fluorine will be produced.
When it comes to the ν-process, the fluorine possibly produced via this channel would be of primary nature, since it will depend on 20 Ne that is ultimately originating from helium, whose abundance in turn is not dependent on the metallicity of the star.
An experimental test of the possible secondary nature of fluorine with respect to oxygen will therefore help to constrain stellar models regarding the effectivity of different mixing scenarios in the AGB and WR stars. Furthermore, a possible secondary behavior of fluorine with respect to oxygen would not be present if the ν-process is the main producer of fluorine in the Solar neighborhood, in that case ruling this production channel out completely.
In this paper we conduct the two experimental tests of the ν-process described above by looking for a possible flat trend in the [F/O] vs.
[O/H]-plane and investigating the possible primary and/or secondary nature of fluorine compared to oxygen.
Observations
We selected 49 K-giants from the Solar neighborhood sample of giants in Jönsson et al. (2016) , with temperatures low enough to show a HF-line at 2.3 µm. The basic data of our stars are listed in Jönsson et al. (2016) . In Jönsson et al. (2016) the stars were analyzed based on optical spectra taken with the spectrometer FIES (Telting et al. 2014 ) (R ∼ 65000) at the Nordic Optical Telescope. Stellar parameters as well as oxygen, magnesium, calcium, and titanium abundances were determined from these spectra.
The stars chosen from this sample for the present project were observed using the spectrometer Phoenix (Hinkle et al. 1998) at the 4m Mayall telescope in two standard settings, one covering the HF-line at 2.34 µm and one covering the OHlines around 1.56 µm. The Phoenix data were reduced following standard, recommended, procedures 1 including removal of the telluric lines in the 2.3 µm-setting.
Analysis
The stellar parameters, as well as oxygen abundances from the [O I]-line at 6300Å, were determined from optical FIES-spectra and are taken from Jönsson et al. (2016) . This analysis is described in depth in Jönsson et al. (2016) . In short, the stellar parameters are derived purely spectroscopically from fitting weak Fe I and Fe II lines and the wings of strong Ca I lines. All spectra have high S/N (typically around 100). Care was taken to calibrate the stellar parameters against benchmark stars with well-known stellar parameters (effective temperatures from angular diameter measurements and surface gravities from asteroseismology).
Regarding the IR Phoenix-spectra the spectral line data and analysis are the same as in Jönsson et al. (2014b) for both the HF-line at 2.34 µm and the OH-lines around 1.56 µm. As in that paper the program Spectroscopy Made Easy (Valenti & Piskunov 1996) was used together with a grid of spherical symmetric, [α/Fe]-enhanced, LTE MARCS-models to determine the oxygen and fluorine abundances via χ 2 -fitting of synthetic spectra with different abundances.
As can be seen in Table 1 , the derived fluorine abundance is very sensitive to the adopted effective temperature of the star, and this is the main source of uncertainty in our investigation.
Results
The stellar parameters determined, oxygen abundances from the optical [O I]-line at 6300 A as well as from the 1.56 µm OH-lines, and fluorine abundances for our program stars are listed in Table 2 . Table 1 Uncertainties of the derived abundances of a typical star (HIP68567) for changes in the derived stellar parameters. In Figure 1 we show the alpha elemental abundances for our stars as determined in Jönsson et al. (2016) . In Figure 2 Following the scheme in Pilachowski & Pace (2015) , in turn from Ramírez et al. (2013) and Johnson & Soderblom (1987) , we estimate the kinematic probability that our stars belong to the thin disk, thick disk, and/or halo respectively (see Table 2 ). Stars with more than 30 % probability to kinematically belong to the thick disk and/or have magnesium and titanium abundances of thick disk type, are marked in blue in the figures. One star, HIP89298, is kinematically a probable halo star (53 %) and is marked in black. Its alpha abundance, however, makes it most probable that it belongs to the thin disk. The division into thin and thick disk chemical composition is most clearly seen in magnesium and titanium. This is less obvious in calcium. It is not seen at all in oxygen for unknown reasons. As can be seen in the pink dots in Figure 1 
Discussion
From Figures 2-3 it is obvious that none of the chemical evolution models from Kobayashi et al. (2011a,b) reproduce our observational trends. Similarly neither would the very similar models of Renda et al. (2004) or the AGB-only models of Abia et al. (2015) that predict much lower [F/Fe] compared to [Fe/H] than the models shown in Figure 2 .
The fact that the locus of points in Figures  2-4 more or less passes through the solar values gives credibility to the accuracy of the solar fluorine abundance of A(F) ⊙ = 4.40 ± 0.25 determined using the K-band spectrum of a sunspot (Maiorca et al. 2014) .
Our [F/Fe] Figure 2 is more scattered than the alpha-trends of Figure 1 , which is expected from the uncertainties listed in Table 1 . Still, our data show a growing trend over the observed metallicities: there are no points in the fourth quadrant of the plot, all the five lowest metallicity stars have sub-solar [F/Fe], and a non- are seen to diminish due to the onset of SNeIa producing large amounts of iron. The source producing fluorine at these times must therefore produce relatively more fluorine than the iron produced in SNeIa. If the ν-process was the dominant fluorine producer, one would on the contrary expect fluorine to qualitatively show an alpha-like trend with respect to iron, because both fluorine and the alpha elements would in that case be mainly produced in SNeII (and not in SNeIa). On the other hand the rising [F/Fe] versus [Fe/H]-trend qualitatively supports the creation of fluorine in AGB stars and/or WR stars. The contribution of fluorine from the low-mass, fluorine-producing, AGBstars is expected for rather high [Fe/H] because of their long life times. The formation rate for WR-stars is higher for higher metallicity and the mass-loss rate of WR-stars increases with metallicity. Therefore, fluorine production by WR-stars would be expected to be very metallicity dependent. However, the amount of 'cosmic' fluorine produced by these stars is also dependent on the rotation of the star, and it is not known if the rotational velocity distribution of WR-stars is dependent on metallicity, making the fluorine yield by this source very uncertain.
versus [Fe/H]-trend in
In the models of Kobayashi et al. (2011b) , the thin and thick disk are predicted to separate with the thick disk having lower [F/Fe] for the lowest metallicities. This is not seen in our data, if anything, the probable thick disk stars are on the contrary showing higher [F/Fe] than the thin disk stars for the lowest metallicities in our sample.
Our observational trend corroborates results from Jönsson et al. (2014a) but the larger size of the present sample allows us to reveal the surprising trend of growing [F/Fe] . Our results also roughly overlap those of Pilachowski & Pace (2015) in the [F/Fe] versus [Fe/H] plane but with a smaller scatter leading us to a different conclusion. The smaller scatter in our data is expected since Pilachowski & Pace (2015) use stellar parameters from different literature sources while we derive them homogeneously using optical spectra (Jönsson et al. 2016) .
In the left panel of Figure 3 we have plotted Kobayashi et al. (2011a) . However, the observational trend is much higher in [F/O] than what is predicted by the models. This might hint at WR-stars having a significant importance in the fluorine production in the Solar neighborhood (since they are not included in the models of Kobayashi et al. (2011a) ) but to fully understand and distinguish between the different scenarios more modeling is needed. To rule out the possibility that the trend is influenced by the non-thick-disk behavior of our oxygen abundances we have replaced the oxygen abundance with the mean alpha abundances in the right panel of Figure 3 . The conclusion is again the same. The evolution of fluorine is not following the evolution of the alpha elements, which are produced in SNeII, indicating that the ν-process cannot be the dominant producer of fluorine in the Solar neighborhood.
In Figure 4 we have plotted A(F) versus A(O) to look for a possible secondary or primary behavior of fluorine with respect to oxygen. Indeed, the linear fit to the thin disk data shows a slope of 2.0 indicating a secondary behavior of fluorine with respect to oxygen. If the ν-process was the dominant producer of fluorine in the thin disk, fluorine would be primary with respect to oxygen and the slope would be one. This secondary nature can only be explained if the fluorine produced is dependent on the amount of oxygen available. This in turn can be explained by the proposed fluorine production-channels in AGB-stars and WR-stars starting with 14 N that is itself secondary with respect to oxygen (Vincenzo et al. 2016) , resulting in the secondary behavior of fluorine.
Conclusions
We have determined the fluorine abundance in a sample of 49 nearby, bright K-giants for which we previously have determined the stellar parameters as well as alpha abundances homogeneously from optical high-resolution spectra (Jönsson et al. 2016 ] trends are both increasing, which they would not be if the ν-process was the dominant fluorine producer in the Solar neighborhood, severely limiting its possible contribution to the cosmic fluorine budget. We also 
